Introduction
============

Iron is an essential nutrient but toxic when present in excess. While body iron levels are determined in theory by a balance between absorption and excretion, the current paradigm in the field of iron biology states that the rate of absorption determines iron levels.^[@b1-1040678]--[@b5-1040678]^ Iron absorption is an orchestrated process regulated prominently by hepcidin, a hormone synthesized mainly by the liver which inhibits iron export from duodenal enterocytes and other types of cells. Hepcidin expression is suppressed by anemia, leading to increased absorption of iron, and stimulated by iron excess and inflammation, leading to decreased absorption. Hepcidin deficiency is central to common inherited diseases of iron excess such as hereditary hemochromatosis and β-thalassemia. Hemochromatosis is caused by mutations in genes required for hepcidin expression.^[@b6-1040678],[@b7-1040678]^ β-thalassemia is caused by β-globin mutations leading to ineffective erythropoiesis, anemia, and hepcidin deficiency.^[@b8-1040678]--[@b10-1040678]^

In contrast to iron absorption, iron excretion is presumed to occur at a basal rate irrespective of iron deficiency or excess.^[@b1-1040678]--[@b5-1040678]^ Excretion is believed to reflect processes such as turnover of intestinal epithelium, blood loss, and exfoliation of dead skin. Renal iron excretion is considered a negligible factor in iron homeostasis. The liver is also believed to contribute minimally to elimination of iron from the body, despite the fact that hepatobiliary excretion is a prominent means of excretion of other metals such as manganese and copper.

In this study, we investigated iron excretion in *Trf^hpx/hpx^* mice, a model of inherited deficiency of the serum iron-binding protein transferrin.^[@b11-1040678]^ These mice develop anemia because transferrin is essential for iron delivery to erythroid precursors. They also develop iron excess because transferrin is essential for hepcidin expression. We and others previously observed that treatment of adult *Trf^hpx/hpx^* mice with transferrin for 2 to 3 weeks not only corrected anemia and hepcidin deficiency but also lowered liver iron concentrations.^[@b12-1040678],[@b13-1040678]^ Here we exploit the latter observation to assess the effect of iron excess on iron excretion and to identify routes of iron excretion using short- and long-term transferrin treatment and radioisotopic studies. Our data suggest that the view that iron levels are dictated solely by absorption needs to be reconsidered. They also suggest that non-gastrointestinal routes of excretion, such as exfoliation of skin, play a minimal role in iron homeostasis.

Methods
=======

Animals and transferrin treatment
---------------------------------

Studies were approved by the Animal Care and Use Committee at Brown University. Mice were maintained on LabDiet 5010 containing 270 ppm iron. BALB/cJ *Trf*^+/+^ and *Trf^hpx/hpx^* mice were generated by crossing *Trf^+/hpx^* mice, which were intermittently backcrossed to BALB/cJ mice (Jackson Laboratories). To ensure survival of *Trf^hpx/hpx^* mice after weaning, pups were injected intraperitoneally with 3 mg human transferrin (Roche/Sigma) 2 days after birth, then once a week until weaning at 3 weeks of age. For all experiments, mice were aged from weaning to 2 months without transferrin injections, then some were injected intraperitoneally with 3 mg human transferrin three times a week as required for specific experiments.

Non-radioactive sample harvesting and analysis
----------------------------------------------

Details on the collection of blood and tissues from mice, transferrin immunoblots, measurement of hemoglobin, hepcidin, and RNA levels, tissue staining, and metal analysis are provided in the *Online Supplementary Methods*. Body and tissue iron levels were measured by inductively coupled plasma absorption emission spectrometry (ICP-AES) of acid-digested tissues in the Environmental Chemistry Facility at Brown University.

^59^Fe treatments, sample harvesting and analysis
-------------------------------------------------

To assess absorption, mice were fasted in metabolic cages (Tecniplast) with access to water for 4 h, then gavaged with 10 μCi ^59^FeCl~3~ (Perkin Elmer) and 6 μg FeCl~3~ in 100 μL 1 M ascorbic acid.^[@b14-1040678]^ The mice were then housed in metabolic cages with food and water for 16 h. ^59^Fe levels were measured in bodies, feces, and urine using a Triathler Gamma Counter and external NaI well-type crystal detector (Hidex). To measure body ^59^Fe levels, mice were anesthetized with isoflurane, placed nose-first into a 50 mL conical tube positioned vertically in the detector, and radioactivity was counted. Background counts were subtracted from all counts. Percent ^59^Fe absorption was calculated by expressing the sum of body and urine ^59^Fe levels as a percent of the sum of body, fecal, and urinary ^59^Fe levels.

To assess excretion, mice from the absorption studies were housed individually in regular cages for 2 months. Transferrin treatment was continued as before when indicated. Bedding was changed once a week. Some mice were housed with a 'buddy' mouse not administered ^59^Fe. Every 1 to 2 weeks, body ^59^Fe levels of all the mice were measured. Buddy mouse ^59^Fe levels never exceeded background, suggesting that coprophagy was not prominent. Details on the conversion of body ^59^Fe counts to ^59^Fe half-lives and excretion rates are given in the *Online Supplementary Methods*.

To identify routes of ^59^Fe excretion, mice were housed overnight for 16 h in metabolic cages at least three times during the excretion study. Feces and urine were analyzed for ^59^Fe levels by gamma counting then for iron and ferritin levels using ICP-AES and enzyme-linked immunosorbent assay (ELISA) as described in the *Online Supplementary Methods*.

Mathematical modeling
---------------------

The mathematical modeling of iron levels is described in the *Online Supplementary Methods*. A manuscript on the model is currently under review and a preprint version of the paper is available.^[@b15-1040678]^

Statistical analysis
--------------------

Statistical significance (*P*\<0.05) was calculated by a two-tailed *t*-test or one- or two-way analysis of variance (ANOVA) with a Holm-Sidak *post-hoc* test using Sigmaplot. Pearson correlations were also measured using Sigmaplot.

Results
=======

Short-term transferrin treatment reduces tissue iron excess in *Trf^hpx/hpx^* mice
----------------------------------------------------------------------------------

Short-term transferrin treatment of adult *Trf^hpx/hpx^* mice decreases liver iron concentrations.^[@b12-1040678],[@b13-1040678]^ To investigate this phenomenon further, we first determined whether a 2-week course of transferrin treatment in 2-month old *Trf^hpx/hpx^* mice altered iron concentrations in organs other than the liver. As expected, transferrin treatment increased serum transferrin, blood hemoglobin, and serum hepcidin levels in mutant mice ([Figure 1A-C](#f1-1040678){ref-type="fig"}). Treatment also normalized *Fam132b* RNA levels in the spleen, a site of extramedullary hematopoiesis in *Trf^hpx/hpx^* mice, with *Fam132b* encoding erythroferrone, which is an inhibitor of hepcidin that is expression expressed by erythroid precursors ([Figure 1D](#f1-1040678){ref-type="fig"}).^[@b16-1040678]^ Transferrin treatment also corrects severe splenomegaly in mutant mice.^[@b12-1040678]^ Untreated *Trf^hpx/hpx^* mice accumulated iron largely in the liver and pancreas, specifically in hepatic periportal regions and exocrine pancreas, and to a lesser extent in the kidneys, heart, and other tissues ([Figure 1E](#f1-1040678){ref-type="fig"}).^[@b11-1040678]^ While *Trf^+/+^* mice had stainable iron in the red pulp of the spleen, untreated *Trf^hpx/hpx^* mice had splenic iron deficiency and a paucity of stainable iron. We attribute this to the fact that hepcidin also inhibits macrophage iron export - hepcidin deficiency in mutant mice leads to persistent iron export from red pulp macrophages scavenging iron-poor red blood cells. Transferrin treatment decreased iron concentrations and tissue iron staining in the liver, pancreas, and kidneys but not in the heart or duodenum and increased iron concentrations and tissue iron staining in the spleen ([Figure 1E](#f1-1040678){ref-type="fig"} and [Figure 2](#f2-1040678){ref-type="fig"}). Stainable iron was also detectable in duodenal smooth muscle in untreated and treated *Trf^hpx/hpx^* mice but in duodenal enterocytes only in treated mutant mice ([Figure 2B,C](#f2-1040678){ref-type="fig"}). Overall, transferrin treatment decreased iron concentrations in multiple organs in *Trf^hpx/hpx^* mice.

![Short-term transferrin treatment reduces tissue iron excess in *Trf^hpx/hpx^* mice. (A-D) *Trf*^+/+^ ('+/+'), untreated *Trf^hpx/hpx^* ('*hpx/hpx*'), and transferrin (TF)-treated *Trf^hpx/hpx^* ('*hpx/hpx* +TF') mice were analyzed at 2.5 months of age. Treated mice were injected with TF from 2 to 2.5 months of age. (A) Serum TF levels, measured by immunoblot (top) and Coomassie-stained protein gel (bottom). (B) Hemoglobin levels, measured by complete blood count. (C) Plasma hepcidin levels, measured by ELISA. (D) Splenic RNA level ratios of *Fam132b* to *Actb* (β-actin), measured by quantitative polymerase chain reaction and normalized to *Trf^+/+^* levels. (E) Organ iron (Fe) levels (left panels), measured by inductively coupled plasma absorption emission spectrometry, and tissue Fe distribution (right micrographs), assessed by tissue Fe stain. In (B-E), data are represented as the mean ± standard error of mean. Brackets indicate statistical significance (*P*\<0.05) calculated by one-way analysis of variance with a Holm-Sidak *post-hoc* test. Each value represents data from five mice, with males and females grouped together.](104678.fig1){#f1-1040678}

![*Trf^hpx/hpx^* mice accumulate iron in the duodenum. (A-C) Mice from [Figure 1](#f1-1040678){ref-type="fig"} were analyzed for duodenal iron (Fe) levels by inductively coupled plasma absorption emission spectrometry (A) and tissue Fe staining in duodenal smooth muscle (B) and villi (C). In (A), data are represented as the mean ± standard error of mean. Brackets indicate statistical significance (*P*\<0.05) calculated by one-way analysis of variance with a Holm-Sidak *post-hoc* test. Each value represents data from five mice, with males and females grouped together. In (C), the arrowhead indicates detectable Fe staining in duodenal enterocytes.](104678.fig2){#f2-1040678}

Long-term transferrin treatment corrects body iron excess in *Trf^hpx/hpx^* mice
--------------------------------------------------------------------------------

Several scenarios could explain decreased iron concentrations in organs of transferrin-treated *Trf^hpx/hpx^* mice. Given the severity of anemia in untreated *Trf^hpx/hpx^*mice, the increase in hemoglobin levels in treated mutant mice should require mobilization of a significant amount of iron from the liver and other organs to the bone marrow. We estimated that 0.30 mg of iron were mobilized from the liver and pancreas during the first 2 weeks of treatment and that the anemia in untreated mutant mice corresponded to a deficit of 0.475 mg of hemoglobin iron (see *Online Supplement for details*). Based upon these calculations, it is likely that changes in tissue iron levels in the first 2 weeks of transferrin treatment largely represent mobilization of iron to the bone marrow.

To explore the effect of transferrin treatment on body iron levels in *Trf^hpx/hpx^* mice beyond the first 2 weeks of treatment, we measured body iron content in 1- to 6-month old *Trf*^+/+^ and *Trf^hpx/hpx^* mice and in *Trf^hpx/hpx^*mice treated with transferrin from 2 to 6 months of age. The mice were euthanized in order to measure body iron content and no blood was removed prior to euthanasia. After mouse pelts had been removed, gastrointestinal tracts were isolated and cleared of contents. Pelts, cleared gastrointestinal tracts, and carcasses were then analyzed for iron levels, which were summed to calculate body iron levels. We focused on body iron levels here as these would not be affected by redistribution between organs. Untreated *Trf^hpx/hpx^* mice were smaller than *Trf*^+/+^ mice, and treatment increased body sizes of *Trf^hpx/hpx^* mice ([Figure 3A](#f3-1040678){ref-type="fig"}). Body iron levels (in mg iron) and concentrations (in µg iron/g body mass) were greater in untreated *Trf^hpx/hpx^* mice than in *Trf*^+/+^ mice ([Figure 3B,C](#f3-1040678){ref-type="fig"}). Treatment of *Trf^hpx/hpx^* mice resulted in no difference in iron levels and a less than two-fold difference in iron concentrations relative to those in *Trf*^+/+^ mice by 6 months of age ([Figure 3B,C](#f3-1040678){ref-type="fig"}). Most untreated *Trf^hpx/hpx^* mice did not survive to 6 months, which may reflect chronic effects of iron excess and/or anemia. Overall, given that body iron levels would not be affected by iron redistribution between organs, we hypothesized that the long-term change in body iron levels in transferrin-treated *Trf^hpx/hpx^* mice reflected changes in absorption and/or excretion.

![Long-term transferrin treatment corrects body iron excess in *Trf^hpx/hpx^* mice. (A-C) Body masses (A) and iron (Fe) levels (B) and concentrations (C), measured in *Trf^+/+^* mice ('+/+', orange) and untreated *Trf^hpx/hpx^* mice ('*hpx/hpx*', green) from 1 to 6 months of age and in *Trf^hpx/hpx^* mice treated with transferrin (TF) from 2 to 6 months of age ('*hpx/hpx* +TF', blue). Top and bottom graphs differ only by markers of significance (*P*\<0.05) assessed by two-way analysis of variance with a Holm-Sidak *post-hoc* test. In top panels, for a given age, different letters indicate values that differ significantly. In bottom panels, for a given group, the letter indicates that a value differs significantly from the 2-month old value. In all panels, dashed lines indicate that only two untreated *Trf^hpx/hpx^* mice survived to 6 months. Data are represented as mean ± standard error of mean: each value represents data from five mice, with males and females grouped together.](104678.fig3){#f3-1040678}

*Trf*^+/+^ and treated *Trf^hpx/hpx^* mice have similar ^59^Fe absorption rates
-------------------------------------------------------------------------------

Untreated *Trf^hpx/hpx^* mice absorb iron excessively.^[@b14-1040678]^ If transferrin treatment suppresses absorption rates below excretion rates, body iron levels would decrease without any need for increased excretion rates in *Trf^hpx/hpx^* mice. To test this hypothesis, we performed intragastric ^59^Fe gavage in 2.5-month old *Trf^+/+^*, untreated *Trf^hpx/hpx^*, and transferrin-treated *Trf^hpx/hpx^* mice, then analyzed ^59^Fe levels 16 h later. From herein we studied males and females separately to detect sex-specific differences. Untreated *Trf^hpx/hpx^* mice absorbed more gavaged ^59^Fe than did *Trf*^+/+^ and treated *Trf^hpx/hpx^* mice, and *Trf*^+/+^ and treated *Trf^hpx/hpx^* mice absorbed the same amount of ^59^Fe ([Figure 4A](#f4-1040678){ref-type="fig"}). Similar results were observed when absorption values were normalized to body mass ([Figure 4B](#f4-1040678){ref-type="fig"}) or when mice were analyzed 1 h after gavage (*data not shown*). This indicated that reversal of iron excess in transferrin-treated *Trf^hpx/hpx^* mice was not due to 'hypersuppression' of iron absorption.

![*Trf^+/+^* and treated *Trf^hpx/hpx^* mice have similar ^59^Fe absorption rates and half-lives and excrete iron largely via the gastrointestinal tract. (A) Percent ^59^Fe absorbed, measured after ^59^Fe gavage of male and female 2.5-month old *Trf^+/+^* mice ('+/+', orange), untreated *Trf^hpx/hpx^* mice (*'hpx/hpx*', green), and *Trf^hpx/hpx^* mice treated with transferrin (TF) ('*hpx/hpx* +TF', blue) from 2 to 2.5 months of age. Percent ^59^Fe absorbed was calculated as the sum of body and urinary ^59^Fe levels expressed as a percent of body, urine, and feces ^59^Fe levels. (B) Values from (A) normalized to body size. (C) Representative plots of body ^59^Fe levels from 2.5 to 4.5 months of age in *Trf^+/+^* mice, untreated *Trf^hpx/hpx^* mice, and *Trf^hpx/hpx^* mice treated with TF from 2 months of age ("*hpx/hpx* +TF", blue). 'Day 0' indicates the day after ^59^Fe gavage. Unfilled circles at day 0 indicate that these points were excluded from lines of best fit. Exponential decay equations, ^59^Fe half-lives (*t*~1/2~), and percent ^59^Fe excreted per day are included in each graph. (D) ^59^Fe half-lives, calculated by exponential decay equations from (C). (E) Percent ^59^Fe excreted per day, or '^59^Fe excretion rates', calculated by exponential decay equations from (C). (F) Percent body ^59^Fe excreted per day via feces or urine in mice from 2.5 to 4.5 months of age. Feces and urine were collected by housing each mouse overnight in metabolic cages at least three times during the excretion study. (G) Sums of fecal and urinary ^59^Fe values from (F) ("urine+feces") compared to body ^59^Fe excretion rates from (E) ("body loss"). In all panels except (C), data are represented as mean ± standard error of mean with each value shown representing data from at least five mice and brackets indicating *P*\<0.05. Statistical significance was calculated by one-way analysis of variance with a Holm-Sidak *post-hoc* test in (A, B, D, E) and by a two-tailed *t*-test in (F, G).](104678.fig4){#f4-1040678}

*Trf*^+/+^ and treated *Trf^hpx/hpx^* mice have similar ^59^Fe half-lives
-------------------------------------------------------------------------

We next assessed excretion in *Trf^+/+^*, untreated *Trf^hpx/hpx^*, and transferrin-treated *Trf^hpx/hpx^* mice using ^59^Fe. Mice from the absorption studies were used, as we rationalized that gavage was the most physiological means of administering ^59^Fe. We repeatedly measured body ^59^Fe levels in mice for 2 months from 2.5 to 4.5 months of age ([Figure 4C](#f4-1040678){ref-type="fig"}). We ended the excretion study at 4.5 months as untreated *Trf^hpx/hpx^* mice do not consistently survive past this age. Body ^59^Fe levels, plotted *versus* time, were fitted to exponential decay curves. Exponential decay equations were then used to calculate two factors: biological ^59^Fe half-lives, expressed in days, and percent body ^59^Fe excreted per day, referred to here as '^59^Fe excretion rates'. ^59^Fe half-lives and ^59^Fe excretion rates are inversely proportional to each other. ^59^Fe half-lives were \~80-120 days in all mice except for untreated male *Trf^hpx/hpx^* mice, which had a half-life of \~170 days ([Figure 4D](#f4-1040678){ref-type="fig"}). ^59^Fe excretion rates were \~0.6-0.8% in all mice except for male *Trf^hpx/hpx^* mice, which had an excretion rate of \~0.45% ([Figure 4E](#f4-1040678){ref-type="fig"}). Notably, ^59^Fe half-lives and excretion rates did not differ between *Trf^+/+^* and untreated *Trf^hpx/hpx^* mice.

*Trf* mice excrete iron largely via the gastrointestinal tract
--------------------------------------------------------------

During the 2-month excretion study, mice were placed repeatedly in metabolic cages for overnight collections of feces and urine. Fecal and urinary ^59^Fe levels were expressed as a percent of body ^59^Fe levels at the time of collection, then averaged for each mouse group. Most ^59^Fe was excreted in feces ([Figure 4F](#f4-1040678){ref-type="fig"}). Body ^59^Fe losses could be accounted for by fecal and urinary ^59^Fe losses in all mice except transferrin-treated *Trf^hpx/hpx^* females ([Figure 4G](#f4-1040678){ref-type="fig"}). Overall, these data indicate that *Trf* mice excreted iron largely via the gastrointestinal tract.

^59^Fe-based analyses predict relative abundance of urinary iron and fecal ferritin in *Trf* mice
-------------------------------------------------------------------------------------------------

In some of the earliest radioisotope-based studies of iron excretion in mice, Finch and colleagues multiplied body ^59^Fe excretion rates by body iron levels to estimate the amount of iron excreted per day.^[@b17-1040678],[@b18-1040678]^ We employed this approach here to further explore iron excretion in *Trf* mice. We performed this for 2.5- and 4.5-month-old mice, the respective ages at the beginning and end of the excretion study.

We first established body iron levels and concentrations in 2.5- and 4.5-month-old mice ([Figure 5A,B](#f5-1040678){ref-type="fig"}). For 2.5-month-old mice, we measured body iron levels and concentrations in five male and five female mice for each experimental group using the same approach employed for [Figure 3](#f3-1040678){ref-type="fig"}. For 4.5-month old mice, we harvested all tissues/compartments from mice at the end of the excretion study and measured iron levels and concentrations ([Table 1](#t1-1040678){ref-type="table"}). Iron levels for 2.5- and 4.5-month old mice were consistent with iron levels shown in [Figure 3](#f3-1040678){ref-type="fig"} where sexes were pooled (*Online Supplementary Figure S1*). With body iron levels established in 2.5- and 4.5-month old mice, we next multiplied ^59^Fe excretion rates ([Figure 4E](#f4-1040678){ref-type="fig"}) by body iron levels ([Figure 5A](#f5-1040678){ref-type="fig"}) or body iron concentrations ([Figure 5B](#f5-1040678){ref-type="fig"}) to estimate iron excretion rates with and without normalization to body mass ([Figure 5C,D](#f5-1040678){ref-type="fig"}). At 2.5 months, iron excretion rates were predicted to be increased in all *Trf^hpx/hpx^* mice except untreated males when not normalized to body size and in all *Trf^hpx/hpx^* mice when normalized to body size. At 4.5 months, excretion rates were predicted to be increased in all *Trf^hpx/hpx^* mice irrespective of normalization to body size.

![^59^Fe-based analyses predict relative abundance of urinary iron and fecal ferritin in *Trf* mice. (A, B) Body iron (Fe) levels (A) and concentrations (B) in *Trf^+/+^* mice ('+/+', orange), untreated *Trf^hpx/hpx^* mice ('*hpx/hpx*', green), and *Trf^hpx/hpx^* mice treated with transferrin (TF) ('*hpx/hpx* +TF', blue) harvested at 2.5 months or 4.5 months of age at the end of the excretion study shown in [Figure 4](#f4-1040678){ref-type="fig"}. (C) μg Fe excreted per day, calculated by multiplying values in [Figure 4E](#f4-1040678){ref-type="fig"} by values in (A). (D) μg Fe excreted per day normalized to body size, calculated by multiplying values in [Figure 4E](#f4-1040678){ref-type="fig"} by values in (B). (E) μg Fe excreted per day in urine. ^59^Fe-based estimates were calculated by multiplying urinary values in [Figure 4F](#f4-1040678){ref-type="fig"} by values in (A). Spectrophotometric measurements ('spec assay') were calculated by acid digest and BPS-based assay as described in the *Online Supplementary Methods*. (F) μg Fe excreted per day in feces, estimated by multiplying fecal values in [Figure 4F](#f4-1040678){ref-type="fig"} by values in (A). (G) µg ferritin excreted per day in feces measured by enzyme-linked immunosorbent assay. In all panels, data are represented as mean ± standard error of mean; each value shown represents data from at least five mice. In (A-D), at a given age, different letters indicate *P*\<0.05 between values, calculated by one-way analysis of variance with a Holm-Sidak *post-hoc* test; '\#' indicates *P*\<0.05 between values from 2.5- and 4.5-month old mice, calculated by a two-tailed *t*-test. In (E- G), brackets indicate *P*\<0.05, calculated by one-way analysis of variance with a Holm-Sidak *post-hoc* test. In (E), asterisks indicate *P*\<0.05 between ^59^Fe-based and spectrophotometry-based values, calculated by a two-tailed *t*-test.](104678.fig5){#f5-1040678}

###### 

Long-term transferrin treatment reduces or normalizes organ iron content in *Trf^hpx/hpx^* mice.

![](104678.tab1)

The above approach involves several assumptions. The first is that ^59^Fe is fully equilibrated within each mouse. To explore this, we examined the relative distribution of ^59^Fe *versus* iron within each experimental group harvested at the end of the excretion study at 4.5 months of age. ^59^Fe and iron levels correlated significantly in all groups (*Online Supplementary Figure S2A*). The second assumption is that ^59^Fe equilibrates similarly in all mice. To explore this, we examined the relative distribution of ^59^Fe between *Trf*^+/+^ and untreated or treated *Trf^hpx/hpx^* mice. Relative distributions correlated more strongly between *Trf*^+/+^ and treated *Trf^hpx/hpx^* mice than between *Trf^+/+^* and untreated *Trf^hpx/hpx^* mice (*Online Supplementary Figure S2B*). This was not unexpected - treated mutant mice were administered ^59^Fe after 2 weeks of transferrin treatment during which time hemoglobin and hepcidin levels increased significantly ([Figure 1B,C](#f1-1040678){ref-type="fig"}).

To explicitly test ^59^Fe-based estimates of excretion, we next used ^59^Fe levels measured during the excretion study to predict urinary iron levels, then measured and compared actual excreted urinary iron levels to predicted levels. We first focused on urinary iron levels given that they solely reflect excretion. To estimate urinary iron levels, values of percent body ^59^Fe excreted in urine per day ([Figure 4F](#f4-1040678){ref-type="fig"}) were multiplied by body iron levels ([Figure 5A](#f5-1040678){ref-type="fig"}). Urinary iron levels were estimated to be increased in untreated *Trf^hpx/hpx^* mice compared to *Trf^+/+^* and treated *Trf^hpx/hpx^* mice at 2.5 and 4.5 months of age ([Figure 5E](#f5-1040678){ref-type="fig"}). Measurement of urinary iron levels agreed with the prediction that untreated mutant mice excreted more iron via urine than wild-type or treated mutant mice ([Figure 5E](#f5-1040678){ref-type="fig"} and *Online Supplementary Figure S3*). Measured urinary iron levels also agreed with ^59^Fe-based predictions for all treated *Trf^hpx/hpx^* mice. However, urinary iron levels were underestimated by ^59^Fe-based predictions by 5--10 μg iron per day in all untreated mutant mice and by 2 μg iron per day in female untreated mutant mice.

We next used ^59^Fe measurements to investigate fecal iron excretion. To estimate excreted iron levels in feces, values of percent body ^59^Fe excreted in feces per day ([Figure 4F](#f4-1040678){ref-type="fig"}) were multiplied by body iron levels ([Figure 5A](#f5-1040678){ref-type="fig"}). Fecally excreted iron levels were estimated to be increased in all *Trf^hpx/hpx^* mice relative to *Trf^+/+^* mice and increased in untreated *Trf^hpx/hpx^* mice relative to treated *Trf^hpx/hpx^* mice for all mice except 2.5-month old male mice ([Figure 5F](#f5-1040678){ref-type="fig"}). Measurement of total fecal iron levels indicated no significant difference between any experimental group (*Online Supplementary Figure S4*). This was expected given that total fecal iron levels are affected by multiple factors beyond excretion, including dietary iron levels and iron absorption. Analysis of ^59^Fe-labeled compounds in feces was not possible - ^59^Fe levels were low at the time of collecting the feces and decayed significantly once all mice had been processed in the excretion study. As fecal ferritin levels have been reported to reflect body iron levels^[@b19-1040678]^, we next measured fecal ferritin levels by ELISA. Similar to our estimates of fecally excreted iron ([Figure 5F](#f5-1040678){ref-type="fig"}), fecal ferritin levels were increased in all *Trf^hpx/hpx^* mice relative to *Trf^+/+^* mice and increased in untreated *Trf^hpx/hpx^* mice relative to treated *Trf^hpx/hpx^* mice ([Figure 5G](#f5-1040678){ref-type="fig"}, *Online Supplementary Figure S5*). We next attempted to assess ferritin iron levels in fecal samples. Using mouse liver lysates, we established that the same iron stain used for histology could be used to detect a species very abundant in *Trf^hpx/hpx^* mouse liver that comigrated with ferritin heavy and light chain under native PAGE conditions (*Online Supplementary Figure S6*). However, native PAGE of fecal lysates failed to reveal stainable iron (*data not shown*).

Mathematical modeling predicts increased excretion rates in treated *Trf^hpx/hpx^* mice
---------------------------------------------------------------------------------------

We also analyzed body iron levels from [Figure 3B](#f3-1040678){ref-type="fig"} using our mathematical model of iron homeostasis, summarized in [Figure 6A](#f6-1040678){ref-type="fig"}.^[@b20-1040678]^ The goal here was to explore the decrease in body iron content in transferrin-treated *Trf^hpx/hpx^* mice from 4 to 6 months ([Figure 3B,C](#f3-1040678){ref-type="fig"}) - our excretion study was halted at 4.5 months as not all untreated *Trf^hpx/hpx^* mice survived to 6 months. Using the model, we could fit body iron levels from *Trf^+/+^* and untreated *Trf^hpx/hpx^* mice with good agreement between experimental and modeled values ([Figure 6B](#f6-1040678){ref-type="fig"}). However, we were unable to reproduce iron levels in 6-month old untreated *Trf^hpx/hpx^* mice. As most untreated *Trf^hpx/hpx^* mice die before 6 months, iron loss at this age may not reflect physiological excretion but rather cell death secondary to severe iron excess or other long-term adverse effects of transferrin deficiency. When we simulated body iron levels in transferrin-treated *Trf^hpx/hpx^* mice, we could reproduce body iron levels up to 4 months but were initially unable to reproduce the decrease in body iron levels from 4 to 6 months. We considered that the decrease in iron levels from 4 to 6 months in transferrin-treated *Trf^hpx/hpx^* mice required an increase in excretion from one or more compartments or a decrease in absorption starting at 4 months. The smallest change in absorption or excretion that fitted the data was a four-fold increase in excretion from the duodenum and 'rest of body'. Given that 'rest of body' in our model comprised other gastrointestinal regions including jejunum, ileum, and large intestine, this supports our ^59^Fe-based studies indicating that the gastrointestinal tract is the main route of excretion.

![Mathematical modeling predicts increased excretion rates in treated *Trf^hpx/hpx^* mice. (A) The iron (Fe) homeostasis scheme used for mathematical modeling of body Fe levels from [Figure 3B](#f3-1040678){ref-type="fig"}. Closed polygons represent liver, spleen, red blood cells (RBC), bone marrow (BM), duodenum (Duo), or 'rest of body' (Rest), the last comprising stomach, intestines except the duodenum, integument, muscles, heart, fat, lungs, kidneys, brain, and reproductive organs. The circle represents plasma. Dietary Fe is absorbed into the duodenum (solid dark green arrow) and exported to plasma by ferroportin (solid black arrow). Plasma Fe, in states of Fe homeostasis, exists as Fe-loaded transferrin (FeTF) which is imported into all compartments (solid light green arrows) except RBC or, in states of Fe excess, as non-transferrin-bound iron (NTBI) which is imported into the liver and rest of the body (solid blue arrows). Bone marrow Fe is incorporated into RBC and recycled in the spleen (solid red arrows); direct Fe transfer from the bone marrow to the spleen represents recycling of immature erythroid cells in the spleen (solid red arrows). Fe can be exported from compartments by ferroportin (solid black arrows). FeTF stimulates hepcidin expression (dashed black arrow), which inhibits ferroportin-dependent Fe export from compartments (dashed blunt-ended lines). Erythropoietin (EPO) stimulates FeTF import into the bone marrow, transfer of Fe from the bone marrow to RBC, and suppression of hepcidin activity. EPO is suppressed by increased RBC Fe levels. Fe can be excreted from the liver, duodenum, and the rest of the body (solid magenta lines). (B) Results of mathematical modeling. Experimental values from [Figure 3B](#f3-1040678){ref-type="fig"} are shown as circles. Modeled values are shown as lines.](104678.fig6){#f6-1040678}

Discussion
==========

In this study, we exploited our initial observation that transferrin treatment decreases the concentrations of iron in the organs of *Trf^hpx/hpx^* mice to explore the basis of iron excretion. For this objective, the *Trf^hpx/hpx^* model has some key advantages over other mouse models of common human diseases of iron excess such as hereditary hemochromatosis and β-thalassemia. First, *Trf^hpx/hpx^* mice develop more severe iron excess than most other models. We anticipated that the severity of iron excess would significantly increase iron levels in potential routes of excretion such as feces and urine. Second, the primary defect in *Trf^hpx/hpx^* mice can be rapidly corrected pharmacologically. In contrast, the primary defect in β-thalassemia mouse models - β-globin mutations - cannot. Red cell transfusions can reverse the anemia in this disease but also introduce a large burden of exogenous iron.

As mentioned above, organ iron concentrations decreased in transferrin-treated *Trf^hpx/hpx^* mice. A similar phenomenon has been described in mouse models of hereditary hemochromatosis and β-thalassemia. Hepcidin deficiency is a key characteristic of both diseases. Administration of pharmacological agents that induce hepcidin expression or mimic hepcidin activity decreased iron levels in mouse models of these diseases.^[@b21-1040678]--[@b25-1040678]^ Whether correction of hepcidin deficiency simply prevented worsening of organ iron excess or led to mobilization of iron from these organs and excretion from the body remains to be determined. We propose that the decreased organ iron levels in these models reflects a combination of normalized iron absorption and increased excretion rates.

The increased excretion rates we estimated for *Trf* mice are similar to those previously reported. In two of the earliest studies on iron excretion in mice, injected ^55^Fe cleared from the body of Swiss mice with a half-life of 140 days, which is equivalent to a loss of 0.5% body ^55^Fe per day.^[@b17-1040678],[@b18-1040678]^ We observed that ^59^Fe cleared from all *Trf* mice except untreated male *Trf^hpx/hpx^* mice with a half-life of 80--120 days and a loss of 0.6--0.8% body ^59^Fe per day ([Figure 4D,E](#f4-1040678){ref-type="fig"}). In the older studies, iron-sufficient Swiss mice excreted 11.5 μg iron/day, while mice with increased body iron secondary to dietary or intravenous iron loading excreted 14--57 μg iron/day. These values were similar to those we predicted for *Trf* mice based on our ^59^Fe studies ([Figure 5C](#f5-1040678){ref-type="fig"}).

We also used rates of body ^59^Fe loss in urine and feces to estimate the rate at which iron was excreted via urine and feces. Measured urinary iron levels agreed with our ^59^Fe-based estimates of urinary iron levels except for untreated mutant mice, in which actual iron levels were much higher than predicted. The reason for this underestimation is not clear, although it may reflect the fact that perturbations in iron homeostasis in untreated *Trf^hpx/hpx^* mice are quite severe compared to those in *Trf^+/+^* and treated *Trf^hpx/hpx^* mice. We also estimated the levels of fecally excreted iron in all mouse groups. While total fecal iron levels were not informative, the relative abundance of fecal ferritin was matched by the relative abundance of fecally excreted iron. Whether fecal ferritin solely represents a marker of iron excess in *Trf* mice or plays a mechanistic role in iron excretion remains to be determined. The source of fecal ferritin is also not known at this time. Possible sources include sloughed epithelial cells and biliary excretion.

We propose that our study can be used as an initial step in a reconsideration of the physiological basis of iron excretion and the significance of its role in iron homeostasis. While humans and rodents may differ in their rates and routes of iron excretion, the possibility that iron excretion affects body iron levels has implications for treatment of human disease. Notably, a seminal work by Green *et al*. in 1968 indicated that adult men of Bantu origin, a population with increased iron stores, have increased daily iron losses.^[@b26-1040678]^ Development of hepcidin mimetics or agonists is an active area of research and may lead to novel treatments for hereditary hemochromatosis, β-thalassemia, and other diseases of iron excess.^[@b27-1040678]^ If body iron levels are regulated largely by absorption, treatment of patients with hepcidin agonists or mimetics will prevent worsening of iron excess but will not reverse it -additional treatment modalities such as chelation will be required to clear excess iron from the body. If body iron levels do influence iron excretion, treatment of patients with hepcidin agonists should result in decreased body iron burden - with rates of iron absorption normalized, excess iron will clear from the body through physiological mechanisms.

The means by which iron is excreted from the body have not yet been established. Iron excretion is currently attributed to multiple processes including exfoliation of dead skin, blood loss, and turnover of intestinal epithelium ([Figure 7](#f7-1040678){ref-type="fig"}). Our data indicating that iron is excreted largely via the gastrointestinal tract suggest that skin exfoliation does not play a prominent role. The possibility that increased blood loss contributes prominently to excretion in *Trf^hpx/hpx^* mice is also unlikely given that ^59^Fe half-lives did not decrease in *Trf^hpx/hpx^* mice relative to those in *Trf^+/+^* mice ([Figure 4D](#f4-1040678){ref-type="fig"}). The possibility that turnover of intestinal epithelium is a major route of iron excretion is stronger. It is supported by the fact that intestinal epithelium in mammals turns over in less than 1 week.^[@b28-1040678]--[@b30-1040678]^ *Trf^hpx/hpx^* mice do load excess iron into gastrointestinal organs ([Table 1](#t1-1040678){ref-type="table"}) but histological iron staining indicates that a considerable fraction of this iron in younger mutant mice resides in smooth muscle, not enterocytes ([Figure 2](#f2-1040678){ref-type="fig"}). Pountney *et al*. previously demonstrated that non-heme iron levels are similar in enterocytes isolated from *Trf^+/+^* mice and treated *Trf^hpx/hpx^* mice.^[@b31-1040678]^ Based on this, we suggest that the increased duodenal iron levels we measured in *Trf^hpx/hpx^* mice largely reflect smooth muscle iron loading ([Figure 2](#f2-1040678){ref-type="fig"}). The observation by Pountney *et al*. that transferrin can be internalized by enterocytes isolated from *Trf^hpx/hpx^* mice may also explain stainable iron observed in enterocytes of treated but not untreated *Trf^hpx/hpx^* mice - it may represent uptake of diferric transferrin across the basolateral membrane of enterocytes. Overall, a careful investigation of the potential role of epithelial turnover to iron excretion would require a quantitative assessment of multiple factors: enterocyte iron levels, the biochemical form of enterocyte iron, and the rate of epithelial turnover in gastrointestinal organs in multiple models of iron excess and deficiency.

![Model of iron absorption and excretion. Dietary non-heme iron (Fe) is absorbed by enterocytes in the small intestine. Enterocytes export Fe into the blood; this process can be inhibited by hepcidin. Fe is then transported to the liver for storage, excretion, or distribution to other organs in the body. Fe can be excreted by the liver into bile and transported into the small intestine, where it can undergo enterohepatic circulation or can be eliminated from the body via the feces. Fe can also be excreted from the body by turnover of epithelial cells lining the intestines or from minor trauma to intestinal epithelium leading to blood loss. Dashed lines indicate minor routes of Fe excretion, which include blood loss, exfoliation of dead skin, and excretion via the urine. For the sake of simplicity, not all organs or pathways of Fe transport are shown, including those that mediate heme Fe absorption.](104678.fig7){#f7-1040678}

Another potential contributor to gastrointestinal iron excretion is hepatobiliary excretion. This process is largely ignored by the current view of mammalian iron biology. The reason for this is not apparent. One study in rats excluded bile as a route of excretion, but this was based on the observation that bile duct ligation did not impair the decrease in body iron levels in rats switched from an iron-rich to an iron-deficient diet.^[@b32-1040678]^ The use of bile duct ligation is a concern given that this is an established method for inducing liver cirrhosis.^[@b33-1040678]^ Multiple studies, most of which were performed in rats, have shown that iron is readily detectable in bile and that biliary iron levels decrease in conditions of iron deficiency and increase in conditions of iron excess.^[@b34-1040678]--[@b52-1040678]^ Several of these studies involved the use of chelators - our statement that iron is readily detectable in bile refers to the measurement of biliary iron in control animals not exposed to chelators. Overall, a full investigation of the contribution of biliary excretion to systemic iron excretion would require measurement of multiple parameters. While our preliminary analysis indicates that biliary iron levels are increased in untreated *Trf^hpx/hpx^* mice relative to those in *Trf^+/+^* mice at 2.5 months of age (*Online Supplementary Figure S7*), the rate at which biliary iron is eliminated from the body is not only influenced by biliary iron levels. Dietary iron deficiency can alter rates of bile synthesis in rats.^[@b53-1040678]^ In rats, iron can also undergo enterohepatic circulation, the process by which substances excreted in bile are reabsorbed by the small intestine and transported back to the liver.^[@b54-1040678]^ A study of the role of hepatobiliary iron excretion would require measurement of bile synthesis rates and iron levels and rates of enterohepatic circulation in multiple animal models of iron excess and deficiency. Analysis of the biochemical form of biliary iron is also warranted, as this may indicate a potential mechanism for iron excretion. Iancu *et al*. observed electron-dense material within bile canaliculi similar in appearance to hemosiderin.^[@b55-1040678]^ This type of study, along with a study of the contribution of epithelial turnover to iron excretion, would also need to be performed in both male and female subjects given that ^59^Fe excretion rates were decreased in untreated male but not female *Trf^hpx/hpx^* mice ([Figure 4E](#f4-1040678){ref-type="fig"}).
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